We have previously shown that part of the heparin-binding domain of the vascular endothelial growth factor (VEGF), designated HBDt, localizes very selectively to surfaces of the endothelial cells of i.t blood vessels. Here, we have coupled the HBDt to the extracellular domain of tissue factor (TFt), to locally initiate the thrombogenic cascade. In tumorbearing mice, infusion of this HBDt.TFt results in rapid occlusive thrombosis selective only for tumor microvasculature with resultant infarctive destruction of tumors. We now show that infusion of an optimal combination of this HBDt.TFt and its requisite cofactor ( factor VIIa) in tumor models results in significant tumor eradication. Binding studies and confocal microscopy indicate that the target for the HBDt.TFt seems to be a trimolecular complex of chondroitin C sulfate proteoglycan, neuropilin-1, and VEGF receptor-2, overexpressed together only in highly angiogenic sites of the tumor microenvironment. The HBDt.TFt was also colocalized with the trimolecular receptor complex in endothelial sprouts from tumor tissues, and its binding inhibited the growth of such sprouts. In vitro, we show that the HBDt structure has its highest affinity for chondroitin 6 sulfate. We show the potential of this HBDt.TFt as a candidate therapeutic and elucidate its target in vivo. (Cancer Res 2005; 65(23): 11109-17) 
Introduction
To search and discover novel targets specific for tumor vascular endothelium is a challenging task but a critical aspect of developing more effective tumor therapeutics. The existence of such targets expands on our perception of the uniqueness of the tumor microenvironment. To be an optimally effective target, it should not only be expressed selectively by tumor microvasculature but should also be a common feature found in a broad spectrum of solid tumors.
We previously showed that the rather novel vascular endothelial growth factor (VEGF) heparin-binding domain substructure (HBDt), when expressed on the surface of a modified M13 phage, selectively enabled accumulation in vivo on the vascular surface of the CD31-positive endothelium of tumor vasculature (1) . The VEGF 165 isoform is known to bind to VEGF receptor-2 (VEGFR-2, KDR), neuropilin-1 (Npn-1), and an unknown heparan sulfate (HS) proteoglycan (2) . In addition to VEGFR-2, Npn-1 is also known to be highly expressed by endothelial and tumor cells (3) and is known to play important roles in endothelial mitogenesis, tumor cell migration, and invasion (4) (5) (6) (7) . The role of Npn-1 expression in tumor angiogenesis has been observed in several types of tumors (4, 8) . Furthermore, it was reported that expression of Npn-1 in tumors seems to correlate with a shift from benign stromal tissue to that associated with malignancies (9) .
The VEGF 165 isoform, which contains HBDt, is known to participate in the formation of molecular complexes, containing VEGFR-2 and Npn-1. The HBDt-encoded VEGF/exon 7 is thought to interact with the Npn-1 b1b2 domain (10) (11) (12) . The b1b2 region of Npn-1 was also analyzed and shown to be a heparinbinding domain, which enhanced the binding of VEGF 165 to Npn-1 (13) . The size of the oligosaccharide fragment needed for enhancement of binding was at least 20-monosaccharide unit in length, suggesting the potential involvement of a large polysaccharide chain, possibly a chondroitin sulfate proteoglycan (CSPG).
We fused the HBDt structure to the extracellular domain of human tissue factor (TFt) through a linker to explore the feasibility of targeting the truncated extracellular domain of TFt to the tumor microvessel plasmalemma in a mode to locally initiate the thrombogenic cascade. Local infarctive necrosis of tissue follows loss of local vascular perfusion; a concept conserved in evolution from marine invertebrates to mammals.
We have now analyzed the ability of the HBDt.TFt fusion protein to bind heparin and other carbohydrate moieties in vitro and to endothelial cells in culture. We also investigated the effect of HBDt.TFt addition on angiogenic sprouting ex vivo. We also analyzed the complex dynamics of targeting of the HBDt.TFt protein to tumor intravascular microenvironment when infused in vivo in various murine tumor models, monitoring thrombus formation by real-time intravital microscopy. We investigated the effect of HBDt.TFt administration and the resultant thrombosis on the destruction of tumors. Finally, we confirmed docking of HBDt.TFt in the i.t. vasculature and colocalization with its target receptor molecules by confocal microscopy in vivo and ex vivo. Our data show that HBDt.TFt accumulates in i.t. vasculature preferentially, attributable to recognition of a unique target, and docks on tumor endothelium plasmalemma, in a manner to permit functional initiation of the coagulation cascade. This results in vascular occlusion of tumors, resulting in local infarctive necrosis and significantly reducing the mass of solid tumors. We support the potential of this strategy for therapeutic purposes and illustrate the unique biology of the tumor microenvironment.
Materials and Methods

HBDt.TFt Cloning, Expression, and Purification
The VEGF 165 HBDt wild-type and mutant sequences (1) were synthesized and fused to the extracellular domain of tissue factor (amino acids 1-211). The two sequences were separated by a 15-amino-acid inert sequence [3(4G-S)] and cloned into the BamHI and HindIII sites of pTrcHis/CAT (Invitrogen Corp., Carlsbad, CA). This was expressed in BL-21 Star (DE3) pLysS One Shot (Invitrogen). The protein was isolated from the inclusion bodies of Escherichia coli, analyzed by gel electrophoresis, and folded in folding buffer (14, 15) . Fast protein liquid chromatography was used to purify the HBDt.TFt proteins, using MonoQ and HIC hydrophobicity columns (Amersham Biosciences, Inc., Piscataway, NJ). The purified protein was analyzed for tissue factor function in a Xa generation assay and by binding activity to heparin matrix. Heparin matrix beads (Sigma, St. Louis, MO), 10% (v/v) in 0.2 mol/L NaCl, and 20 mN Na 2 HPO 4 (pH 7.2) were mixed with 10 Ag of protein, with agitation at room temperature for 1 hour; centrifuged briefly to precipitate the beads with bound protein; and washed with saline. The amount of endotoxin in the protein preparation was analyzed using the Pyrochrome chromogenic test (Cape Cod, Inc., East Falmouth, MA) and determined to be 30.2, 42.1, and 70.23 pg/mL in the preparations of HBDt.TFt, X.TFt, and TFt, respectively.
Heparin and Oligosaccharide Binding
Heparin matrix beads (Sigma), 10% (v/v) in 0.2 mol/L NaCl, and 20 mN Na 2 HPO 4 (pH 7.2) were mixed with purified HBDt.TFt (10 Ag) with agitation at 4jC overnight and centrifuged briefly to precipitate the beads with bound protein. After several washes with PBS, 100 Ag of competitor oligosaccharides were added and incubated at 4jC overnight. An aliquot (1:20) of the beads was used for Western blot analysis and detected with monoclonal mouse anti-TFt antibody 10H10, which is dependent on the conformation integrity of the protein (16) . The bands were quantified using Scion software (Scion Corp., Frederick, MD).
Microscopy
Tissues were embedded in Tissue-Tek ornithine carbamyl transferase (Sakura Finetechnical Ltd., Tokyo, Japan) and frozen, and 5-mm sections were mounted on positively charged slides (Fisher Scientific, Tustin, CA). Sections were fixed in cold acetone for 30 seconds, blocked with 1:10 porcine serum (30 minutes) , and washed at room temperature in saline. Primary antibodies used included rat biotin monoclonal antimouse CD31 (BD Biosciences PharMingen, La Jolla, CA), mouse monoclonal antifibroblast growth factor receptor (FGFR; Chemicon, Temecula, CA), mouse monoclonal anti-FLK/KDR and VEGFR-2 (Chemicon, Temecula, CA), mouse monoclonal anti-HS and anti-CS (Seikagaku America Associate of Cape Cod, Falmouth, MA), rabbit polyclonal anti-neuropilin-1 (Zymed Laboratories, Inc., South Francisco, CA, and Sigma-Aldrich, Inc., St. Louis, MO), and rabbit polyclonal anti-neuropilin 2a (Zymed Laboratories). Secondary antibodies used included Texas red streptavidin, horse anti-mouse IgG, goat anti-rabbit, goat anti-mouse IgM, (Vector Labs, Burlingame, CA), and Alexa Blue-647 (Molecular Probes, Eugene, OR). Antibodies (1:100-300) were incubated with sections for 30 minutes, washed with saline, and mounted in Vectashield (Vector Labs). A Zeiss confocal microscope (objective lens power Â40) and Software Bio-Rad 1024 (Hercules, CA) were used to produce images.
Intravital Microscopy
Fluorescence microscopy was done using a microscope (Mikron Instrument, San Diego, CA) equipped with epi-illuminator and videotriggered stroboscopic illumination from a xenon arc lamp (MV-7600, EG&G, Salem, MA) with attached silicon-intensified target camera (SIT68, Dage-MTI, Michigan City, IN). A Hamamatsu image processor (Argus 20) with firmware version 2.50 (Hamamatsu Photonic System, Bridgewater, NJ) was used for image enhancement and to capture image data to a computer database. A Leitz PL1/0.04 objective was used to obtain an overview of the chamber and for determination of tumor size. A Zeiss long-distance objective 10/0.22 was used to capture images for calculation of vascular variables. A Zeiss Achroplan Â20/0.5 W objective was used to capture images for calculation of mitotic and apoptotic indices. To quantify tumor area (A T ), it is defined as number of pixels with photo density above 75 (256 Gy levels):
Cells
Generation of H2B-eGFPN1 cell lines. Human histone H2B-eGFP, a kind gift from Dr. Kanda (Salk Institute, La Jolla, CA), was excised from the SalI/NotI sites in the BOS H2BGFP-N1 vector. The H2B-eGFP retroviral vector was generated by cutting first with NotI followed by Mung-Bean Nuclease digestion to remove the overhanging end. The fragment was gel purified followed by SalI digestion. The resultant SalI/blunt fragment was cloned into the SalI/HpaI sites in the LXRN retroviral vector (Clontech, Palo Alto CA). VSVG-pseudotyped retrovirus was generated by transfecting GP293 GagPol-expressing 293 cells (Clontech) in T75 flasks at 75% confluence with 5 Ag of this resultant L-H2BGFP-RN-L vector with 5 Ag VSV-G vector (Clontech) and harvesting viral supernatants 48 hours after transfection. Retroviral supernatants were used immediately or concentrated by centrifugation and stored at À80jC until use. Tumor cells were transduced with VSVG-pseudotyped H2B-GFP LXRN viral supernatant for 48 hours in 8 Ag/mL polybrene followed by selection in 300 Ag/mL G418 for 2 weeks. Pooled H2B-GFP-expressing tumor cells were usually heterogeneous as determined by fluorescent microscopy but could be sorted via fluorescence-activated cell sorting if necessary as for resistant cell lines, such as Lewis lung carcinoma. Most cells used for chamber studies were passaged in DMEM, 4.5 g/L glucose supplemented with pyruvate, glutamine, nonessential amino acids, and gentamicin (50 Ag/mL) and maintained in a humidified 5% CO 2 atmosphere at 37jC. Cells are routinely tested for Mycoplasma contamination with the Genprobe Mycoplasma detection kit.
Preparation of tumor spheroids. Liquid overlay plates were generated using 1% molecular biology grade agarose melted in DMEM in a microwave. The melted agarose solution was plated into round-bottomed 96-well plates at 50 AL/well and allowed to cool at room temperature. Tumor cells grown as preconfluent monolayers were trypsinized and diluted to a final volume of 250,000 tumor cells/mL. Viability was determined using trypan blue. Tumor suspensions were dispersed at 100 AL/well into the 96-well agarosecoated round-bottomed plates. Spheroids were allowed to compact for 48 hours and picked from the plates followed by transfer into serum-free media immediately before implantation into chambers.
Animals
The dorsal skin fold chamber in nude mice was prepared as previously described (17) , and all surgical procedures were done under strict sterile conditions. Male mice (25-35 g body weight) were anesthetized (7.3 mg ketamine hydrochloride and 2.3 mg xylazine/100 g body weight, i.p.) and placed on a heating pad. Two symmetrical titanium frames were implanted into a dorsal skin fold, so as to sandwich the extended double layer of skin. A 15-mm full thickness layer was excised. The underlying muscle (M. cutaneous max.) and s.c. tissues were covered with a glass coverslip incorporated in one of the frames. After a recovery period of 2 to 7 days, tumor spheroids were carefully placed in the chamber. Syngeneic CT26 colon carcinoma in BALB/c mice and tissues were prepared as described before (1) .
Results
In vitro investigation of the HBDt.TFt protein. We evaluated the HBDt.TFt construct in vitro by analyzing the presence and integrity of the HBDt domain at the NH 2 terminus and the TFt domain at the COOH terminus of the fusion protein. Figure 1A depicts Western blot analysis of the binding of HBDt.TFt (lane 3) to heparin matrix compared with that of TFt alone (lane 1). In addition, Fig. 2B shows the relative amounts of protein bound to heparin beads. No binding of TFt to the heparin matrix was observed. The HBDt.TFt bound well to the heparin matrix and significantly more than the mutant HBDtMut.TFt (lane 2) carrying the substitution of Cys 24 by glycine as described previously (1) . We examined the ability of various oligosaccharides to competitively displace the bound HBDt.TFt from the heparin beads. Various oligosaccharides (lanes 4-10) were added to the bound HBDt.TFt on the heparin matrix and incubated overnight, then analysis of the amount of protein remaining bound to the washed heparin matrix was done by Western blot. We observed that chondroitin C sulfate (i.e., chondroitin 6 sulfate or C6S) was the most potent competitor for binding to the HBDt followed by structurally similar chondroitins A and D. Taken together, the data indicates that the HBDt binding function is dependent on the three-dimensional structure of the HBDt domain and that C6S has the greatest affinity for this domain. We also examined the ability of the TFt domain to initiate coagulation by the Xa generation assay (data not shown).
The effect of the HBDt domain on ex vivo angiogenic sprouting by tumor endothelium. The effect of HBDt.TFt was examined on vascular sprouting using mouse aorta and murine mammary carcinoma (CT26) and subsequently quantitating angiogenic sprouts in culture. A previously established protocol (18) for aortic ring sprouting was used. Figure 2 depicts the normal mouse aortic ring sprouting pattern in Matrigel and media containing syngeneic mouse serum and exogenous growth factors (A) VEGF and basic FGF (bFGF) compared with that with the addition of (B) TFt or (C) HBDt.TFt. Addition of excess HBDt.TFt reduced the number of aortic sprouts by f14.6% by day 4 compared with the extracellular domain of tissue factor (TFt) alone (Fig. 2D) . However, the difference is not statistically significant.
On the other hand, Fig. 2E -G shows the endothelial sprouting patterns from tumor fragments under comparable conditions. The inhibitory effect of HBDt.TFt addition to sprouting using CT26 tumor fragments was greater (65.7%) and more statistically significant (P < 0.05; Fig. 2K ). We also examined by confocal microscopy the colocalization of HBDt.TFt with tumor endothelial cells during sprouting. Figure 2G shows the colocalization (arrows) of FITC-labeled HBDt.TFt (green) with Texas red-labeled CD31 (red). The colocalization color is white due to the effect of the blue nuclear stain. The binding of HBDt.TFt is observed in sites where sprouting is inhibited (Fig. 2G, arrows) . Colocalization of HBDt.TFt to its target in tumor fragment sprouts was analyzed. Figure 2H -J shows the colocalization of FITC-labeled HBDt.TFt (green) with Texas red-labeled VEGFR-2 (H), Npn-1 (I), and C6S (J) in sprouting tumor fragments. These data show that the target (VEGFR-2 + Npn-1) of the HBDt domain exists in active angiogenic areas of tumors, which are rich in C6S. It also confirms that the binding of the HBDt to its target can inhibit a biological function needed for endothelial cell proliferation albeit ex vivo. Similar results were also obtained using the Lewis lung murine tumor model (data not shown).
In vivo infusion of HBDt.TFt, biodistribution, thrombosis, and tumor necrosis. To examine the immediate effect of HBDt.TFt infusion with respect to the ability to occlusively thrombose i.t. vessels of tumors, we used intravital microscopy. The HBDt.TFt protein was infused in live unanesthetized nude mice carrying micro green fluorescent protein (GFP)-positive murine tumors implanted in dorsal skin fold chambers. The microcirculation of tumors and surrounding areas was monitored using light and fluorescence microscopy, and the degree of cell death was based on disappearance of viable GFP-positive cells. Optimization of the amount of HBDt.TFt and the rate of infusion were critical factors to achieve desirable results. Therefore, we did a complex set of experiments to determine how each variable contributed to the efficacy of tumor-selective thrombosis. We addressed one variable constant at a time and examined the effect on thrombus formation where the result was described by an arbitrary thrombosis index based on speed and stability of thrombus and lack of hemorrhage in tumor or other organs. Figure 3A shows an example of one such relationship between the amount of HBDt.TFt and factor VIIa (FVIIa) infused and the degree and quality of thrombosis produced. Thrombosis was achieved with HBDt.TFt alone infused at 2.5 Ag/g body weight infused at a constant rate over 120 seconds. Lower doses did not thrombose, and higher doses were associated with local hemorrhage. Thrombosis was observed within 3 to 4 minutes following infusion. Extension of the infusion time beyond 120 seconds, even with higher doses or higher rates, was associated with failure of generation of stable thrombosis in tumors. Addition of recombinant human FVIIa reduced the dosage of the HBDt.TFt by f80%. The optimum (immediate and stable, with no peripheral hemorrhage) thrombus was achieved with 0.5 Ag HBDt.TFt + 0.25 Ag of FVIIa/g body weight infusion at a constant rate at 120 seconds. This ratio reflects a 4:1 molar ratio of TFt to FVIIa, contrary to what was the predicted ratio (i.e., 1:1). With this combination, thrombosis was achieved at the end of infusion, and the thrombi were stable for at least 30 minutes of observation. Infusion of equimolar amounts of HBDt.TFt and FVIIa resulted in thrombolysis after 30 minutes, and infusion of a 2:1 molar ratio of HBDt.TFt to FVIIa resulted in thrombolysis in 15 minutes. Therefore, there seems to be an inverse relationship between the amount of FVIIa To examine the effect of HBDt administration on tumors, we infused a combination of 0.5 Ag HBDt.TFt TFt + 0.05 Ag FVIIa/g body weight by tail vein over a 120-second interval in breast carcinoma N202-bearing animals for evaluation of arrest of growth and/or reduction of tumor volume. Figure 3B shows the progressive disappearance of healthy live tumor cells following treatment. Healthy tumor cells are visualized by fluorescence due to their stable transformation with GFP-labeled H2B DNA. Visualization of tumors in this case was facilitated by their discus shape. The tumors shown in Fig. 3B have a diameter of f2 mm and a height of f1 mm.
Injections were administered twice on days 0 and 3, because it was observed that the residual tumor started to regrow on day 3. Figure 3B shows the change in N202 mammary tumor size of a group (n = 4) of tumors treated with the combination of 0.5 Ag HBDt.TFt + 0.05 Ag FVIIa/g body weight infused by tail vein over a 120-second interval. Tumor size was estimated by quantification of fluorescent emission of viable tumor cells, in contrast to the dark (necrotic or apoptotic cells). Injections were done on day 0 (day 13 after implantation) and day 4 (day 17 after implantation). Tumor size was reduced from 2 mm 3 (100%) on day 0 by f90% in 1 week with two administrations.
To examine whether the HBDt domain can target the thrombogenic TFt domain in a functional assembly to tumor vasculature, we analyzed several organs for the presence of the infused protein. We injected BALB/c mice carrying colon tumor (CT26) with the HBDt.TFt construct, and several tissues were harvested after certain time points. HBDt.TFt was detected in those organs by Western blot using anti-human TFt antibody, specific for the infused human truncated TFt and not the endogenous mouse TF at 5 minutes (Fig. 4A ) and at 60 minutes (Fig. 4B) . The graph (Fig. 4) shows the amount of HBDt.TFt detected in tumor, brain, liver, spleen, kidney, heart, and muscle 5 and 60 minutes after infusion. The results show the immediate and consistent accumulation of the infused construct in the tumor. Initially, there was a transient accumulation of HBDt.TFt in the liver and kidney at 5 minutes. However, by 60 minutes, the protein was detected only in tumor tissues. The protein was still detected in blood at approximately the same level at the latter time point (data not Columns, average of three independent experiments. G, effect and binding of HBDt.TFt to CT26 tumor sprouting using confocal microscopy. E, sprouting pattern obtained normally. F, effect of TFt alone. K, summary of inhibitory effect of HBDt.TFt addition on the number of sprouts obtained during ex vivo angiogenesis by CT26 tumor fragments from BALB/c mice. Columns, average of three independent experiments. HBDt.TFt and TF were visualized using FITC-labeled anti-TFt antibody (green ). CD31 was visualized using Texas red-labeled anti-mouse CD31 antibody. Nuclei were visualized using Topro-3 dye (blue ). Arrows, triple colocalization (white). H-I, sprouting of CT26 pieces. White, triple colocalization of HBDt.TFT (FITC green) with Texas red-labeled receptor complex molecules: VEGFR-2 (G ), Npn-1 (H ), and C6S (I ), along with the Topro-3 nuclear stain (blue ).
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Cancer Res 2005; 65: (23 shown). This shows that the targeting HBDt domain enabled selective, immediate, and stable accumulation of the construct in the tumor, whereas the transient accumulation of the construct in the liver and kidney was subject to clearance mechanisms. Infusion of TFt at similar levels, as a control, instead of the HBDt.TFt was only detected in blood and not detected in tumor or other organs at 60 minutes after infusion.
We also analyzed the tissues harvested from the same animals histologically for thrombosis. Figure 5A shows the amount of thrombus formed after 5 minutes of infusion of the HBDt.TFt construct. At this time point, thrombus formation is evident in the vasculature associated with the periphery of the tumor, whereas the smaller vasculature associated with the inner core of the tumor mass appears thrombus-free. Peripheral tumor thrombosis was stable at 60 minutes after infusion (Fig. 5B) and extended inwardly to more central vasculature. In comparison, infusion of TFt instead of HBDt.TFt was associated with no thrombus formation in tumors or elsewhere even after 60 minutes (Fig. 5C ). Vascular thrombosis was absent in all other tissues examined at both 5 and 60 time points after infusion, as shown in Fig. 5D -J of sections from the brain, heart, liver, spleen, kidney, lung, and muscle at 5 minutes. The absence of thrombus in the kidney and liver at the 5-minute mark ( Fig. 5F and G) confirms that the small amounts of tissue factor detected by Western blot analysis were due to clearance and not associated with local thrombogenesis.
Colocalization of infused HBDt.TFt with endothelial surface molecules. We observed the binding of HBDt.TFt to VEGFR-2 (KDR), and Npn-1, and C6S on CD31-positive endothelial cells from the sprouts of CT26 tumor fragments (Fig. 2E-G) . We also did confocal microscopy studies on tissues from the dorsal skin fold microtumors and from tumor-bearing mice to address the Y-axis, amounts of protein infused or thrombosis index. The arbitrary thrombosis index is based on (i) the speed and stability of thrombus and (ii ) lack of hemorrhage in tumor or other organs. Optimum, fast, and stable thrombosis was achieved with 2.5 Ag/g body weight infused at a rate of 1.25 Ag/min/g body weight. Thrombosis was observed within 3 to 4 minutes after infusion. With respect to FVIIa, optimal tumor-specific thrombosis was achieved with FVIIa at 0.05 Ag/min/g body weight. A combination of 0.5 Ag HBDt.TFt + 0.05 Ag FVIIa/g body weight infused by tail vein over a 120-second interval was used in analysis of breast carcinoma N202-bearing animals for evaluation of arrest and/or reduction of tumor volume. B, effect of HBDt.TFt treatment on murine mammary carcinoma N202. Nude mice carrying N202 tumors in the skin window were infused with 0.5 Ag HBDt.TFt + 0.05 Ag of FVIIa/g body weight on days 0 and 3. Healthy tumor cells were visualized by fluorescent emission from the GFP, with 488-nm excitation. Progressive cell death (dark ) as a result of the HBDt.TFt infusion during the course of 6 days. Healthy tumor cells were visualized by fluorescent microscopy (light ), and the live tumor cell mass was represented as a percentage of the original starting signal on day 0 (or day 13 after tumor implantation). Points, time course of a group of tumors (n = 4). HBDt.TFt, and tissues were harvested and analyzed by Western blot. The protein was detected using anti-human tissue factor antibody, specific for the infused human truncated tissue factor and not the endogenous murine tissue factor, after 5 minutes (A ) and 60 minutes (B). C, bands were quantified by video densitometry and the results summarized.
HBDt and a Novel Complex in Tumor Neoangiogenic Vessels www.aacrjournals.org colocalization of HBDt.TFt with possible targets, such as CD31, bFGFR, VEGFR-2 (KDR), Npn-1, and Npn-2, in tumor-associated vascular channels and elsewhere in other tissues and organs. We also examined the colocalization of the thrombogen with oligosaccharides, HS, and chondroitin C sulfate (i.e., C6S), which may be interacting with the HBDt in vivo. In Fig. 6 , the colocalization, or lack thereof, of the infused HBDt.TFt with different cell surface markers is depicted. We observed the colocalization of the infused labeled HBDt.TFt (blue) with labeled VEGFR-2 (red; Fig. 6D ), Npn-1 (red; Fig. 6E ), and C6S (red; Fig. 6H ), Figure 6 . Colocalization of HBDt.TFt with relevant cell surface molecules in the N202 murine mammary tumor model. Nude mice carrying the murine N202 tumor in their skin window were infused with 0.5 Ag HBDt.TFT + 0.05 Ag FVIIa/g body weight at a constant rate for 120 seconds. One hour later, the animals were sacrificed, and tissues were harvested. A, H&E stain of the N202 tumor, including the vascular thrombosis in the center and periphery (angiogenic corona) of part of the N202 tumor disc. B-H, confocal microscopic images, where the HBDt. Figure 5 . Histologic analysis of thrombus formation resulting from HBDt.TFT infusion in the CT26 syngeneic colon tumor model. A, amount of thrombus formed after 5 minutes of infusion of HBDt.TFt; thrombus formation is evident in the vasculature associated with the more peripheral aspect of the tumor mass, whereas smaller vessels in the more central vasculature of the tumor seem to be thrombus-free. Thrombus formation in the periphery remained stable at 60 minutes (B) and seemed to extend to the central vasculature. By comparison, infusion of TFt, rather than HBDt.TFt, had no ability to thrombose tumor vasculature even after 60 minutes (C ). Thrombi were absent from all other tissues examined at both 5-and 60-minute time points following infusion. D-J, sections from the brain, heart, liver, kidney, spleen, lung, and muscle, respectively, at 5 minutes.
whereas no colocalization was observed for bFGFR (Fig. 6C) , Npn-2 ( Fig. 6F ), or HS (Fig. 6G ). In the case of the endothelial cell marker CD31, the localization of HBDt.TFt in this (Fig. 6B ) and other models (data not shown) was observed in close proximity within the CD31-positive vascular channels but not directly with the endothelial receptor. Negative controls for fluorescent secondary antibodies were also included in the study. Figure 6I depicts a positive stain for HBDt.TFt with negative IgG control for VEGFR-2, whereas Fig. 6J depicts the opposite.
Similar results were obtained for the CT26 and Lewis lung tumor models infused with the HBDt.TFt. Only results from the N202 model are shown because the architectural organization of the N202 tumor spheroidal discs allows better assessment of colocalization with respect to the degree of vessel maturity and tumor topography. The results confirm the expression of the HBDt target in the highly angiogenic area surrounding the tumor mass (periphery) known to be rich with newly formed vessels. The center of tumors with its mature vessels does not appear to express the target or only weakly.
Discussion
We previously reported the accumulation of a modified M13 phage in CD31-positive channels within tumors, which was directed by expression of HBDt on the surface of the phage. We also reported that the novelty of this domain, unlike most known heparin-binding domains, is a result of its three-dimensional structure-function relationship rather than simply positively charged amino acids. Here, (a) we show the high degree of selectivity for this HBDt domain for tumor vasculature; (b) provide evidence for the novelty of its receptor; and (c) illustrate the potential use of this HBDt domain for targeting tumor therapeutics.
We cloned a fusion protein with the HBDt as the NH 2 -terminal domain and the extracellular domain of TFt as the COOH-terminal domain separated by a short spacer sequence) in the pTricHis vector and expressed it in E. coli. We have analyzed the ability of the FLPC-purified protein to bind heparin and other oligosaccharide moieties and functionally to initiate the coagulation protease cascade in vitro. We also determined the amount of endotoxin in the preparations of the protein and its proper controls to confirm its safety and lack of involvement in the observations. Fusion of the TFt to HBDt allowed the detection, visually and functionally, of the protein in vitro and in vivo. Furthermore, it endowed the targeting HBDt domain to localize the thrombogenic TFt domain in a functional local context supportive for the active thrombogenic cascade. We have found that the basis of novelty of HBDt and its selectivity for tumor microenvironment lies in its high affinity for C6S (Fig. 1) . For example, we found that HBDt binds to C6S in the sprouting endothelium from tumor fragments ex vivo (Fig. 2) and inhibits the growth of the sprouts and proliferation of the CD31-positive endothelium in the tumor environment. The biological significance of the proposed trimolecular target complex in tumor neoangiogenesis was shown in this sprouting assay. Colocalization between HBDt.TFt with VEGFR-2 (Fig. 2H) , Npn-1 (Fig. 2I) , and C6S (Fig. 2J) shows that HBDt recognizes its trimolecular target in tumor neoangiogenesis, and we propose that by competing with the natural ligand (VEGF 165 ), it inhibits endothelial cell proliferation.
The selectivity of HBDt for tumors neoangiogenic vessels in vivo is observed in experiments (Figs. 4 and 5) , where the infused HBDt.TFt is exclusively detected in the syngeneic murine colon tumor (CT26) after 60 minutes. Histologic examination of thrombus formation of all organs analyzed shows that thrombi are formed exclusively in tumor vessels and nowhere else, including the kidney and liver, which showed a brief accumulation at 5 minutes. We can only infer that the protein detected in these organs is present due to clearance mechanisms (e.g., Kupffer cells in the liver phagocytose protein aggregates). Infusion of the control protein TFt alone resulted in no thrombus formation (Fig. 5B) , further confirming the requirement for the HBDt domain for proper docking on the local endothelial anionic plasmalemma and initiation of the coagulation cascade, and further indication that the thrombus formation is not attributable to the trace endotoxin content. We show by confocal microscopy that the infused HBDt.TFt colocalized with VEGFR-2, Npn-1, and C6S, which are expressed at high density in the neoangiogenic corona of the tumor (Fig. 6) .
It has been reported that HBDt binds Npn-1, the VEGFR-2 coreceptor (3, 19, 20) , and the binding and proliferation effects were enhanced in the presence of heparin. It was later reported that the b1b2 region of Npn-1 appears to be a heparin-binding domain, Figure 7 . Model for the mechanisms of HBDt.TFt action as a selective tumor vascular thrombogen. The HBDt domain localizes the construct to the surface of tumor vascular endothelium through the recognition of a trimolecular target composed of the VEGFR-2, Npn-1, and a C6S oligosaccharide, carried by a PG. The localization of the construct facilitates the docking of the extracellular tissue factor (TF) domain, with its corequisite FVIIa, on an appropriate anionic surface, which promotes initiation of the coagulation cascade as shown above leading to the local generation of thrombus.
which enhance the binding of VEGF 165 to Npn-1 (13) . The role of VEGFR-2 (21, 22) and Npn-1 (8, (23) (24) (25) (26) (27) and their interaction in angiogenesis and neoangiogenesis are documented. The binding of VEGFR-2 to Npn-1 is mediated through the heparin-binding domain of VEGF 165 (12) , particularly through the exon 7 encoded region we term HBDt. Computational models have been proposed to explain the different receptor binding and phosphorylation events as resulting from a bridge formed by the HBDt domain of VEGF 165 compared with the lack of it as in the case of VEGF121 (28) . In addition, there are studies identifying aberrant forms of Npn-1 (and Npn-2) in tumor cells (26) . However, current studies do not provide a factual basis why neoangiogenesis and the coexpression of the VEGFR-2 and Npn-1 in the tumor environment may differ from that of angiogenesis occurring in nonneoplastic tissues. Here, we propose that the addition of the C6S-expressing entity modifies the VEGFR-2 + Npn-1 receptor bimolecular complex and redefines it as a unique trimolecular complex within the tumor environment. Although the identity of the core protein carrying the C6S remains to be resolved, there are several possibilities. One is that glycosylation of VEGFR-2 (29) or Npn-1 (26) may differ in the tumor microenvironment and be the C6S carrier. A likely possibility is the expression of a CSPG by the local endothelial cells. The possible involvement of a long oligosaccharide on the b1b2 domain of Npn-1 implies a CS modification that provides the C6S (13) . In fact, there is a shift in CS expression associated with tumorigenesis and malignancy (30) (31) (32) (33) (34) (35) . Several CSPGs are known to date, and some can be candidates for those expressed in tumors (e.g., syndecan-1, betaglycan, and decorin; ref. 33) , as well as playing a role in forms of development and neoplasia (36) . The role of expression of CSPGs in central nervous system development is well documented (37) . Npn-1 is a receptor for both VEGF and semaphorins, the latter being a neuronal mediator (10), which acts as a pivotal mediator in neuronal and angiogenic development (38) . Therefore, it is our hypothesis that a CSPG, carrying C6S, interacts with Npn-1 in the tumor microenvironment and plays an important role in tumor neoangiogenesis. The presence of C6S specifically in tumor microenvironment may facilitate the association of VEGFR-2 and Npn-1 in a manner more conducive to endothelial cell signaling and proliferation. This C6S carrying PG is the target of the HBDt as shown in the model illustrated in Fig. 7 .
To advance HBDt as a targeting entity with therapeutic potential, we created a fusion protein of HBDt with TFt, which successfully thrombosed tumors in vivo and reduced their size drastically nearly eradicating them (Fig. 3) . This evidence for successful targeting suggests the possibility of using HBDt in other molecules delivering radioactive isotopes or cytotoxic agents.
It should be noted that addition of FVIIa reduced the amount of HBDt.TFt needed to achieve more effective tumor selective thrombosis. This might well be expected considering the very limited amount of murine FVIIa available (39) , which would be inadequate to form HBDt.TFt/FVIIa functional complexes. We are currently investigating why the molar ratio of the HBDt.TFt/FVIIa is not the expected 1:1 molar ratio.
In conclusion, we describe a potential tumor selective vascular thrombogen, which is able to target a variety of in vivo tumors, such as colon, mammary, prostate, and lung tumors and produce local occlusive thrombosis and local infarctive necrosis. The endothelial target of the HBDt is novel and appears to result from the assembly of three distinct molecules (VEGFR-2, neuropilin1-1, and C6S) uniquely coexpressed by tumor neoangiogenic vessels.
